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Abstract
Our ability to study the most remote supernova explosions, crucial for the un-
derstanding of the evolution of the high-redshift universe and its expansion rate,
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is limited by the light collection capabilities of telescopes. However, nature of-
fers unique opportunities to look beyond the range within reach of our unaided
instruments thanks to the light-focusing power of massive galaxy clusters. Here
we report on the discovery of one of the most distant supernovae ever found, at
redshift, z = 1.703. Due to a lensing magnification factor of 4.3 ± 0.3, we are
able to measure a lightcurve of the supernova, as well as spectroscopic features
of the host galaxy with a precision comparable to what will otherwise only be
possible with future generation telescopes.
Subject headings: galaxies: clusters: individual (A1689) — galaxies: distances
and redshifts — gravitational lensing: weak — supernovae: general
1. Introduction
Supernovae (SNe), exploding stars at the end of their life cycles, have several astro-
physical and cosmological applications. Core-collapse SNe trace the star formation his-
tory (Dahle´n et al. 2004; Bazin et al. 2009) while the standard candle property of Type
Ia SNe (SNe Ia) can be used for probing the expansion history of the universe (see, e.g.,
Amanullah et al. 2010; Sullivan et al. 2011, and references therein). In particular, it is de-
sirable to study SNe in the distant universe. Our ability to do this is currently limited by
the light collecting power of existing telescopes.
Massive galaxy clusters,M>∼10
14M⊙, act as powerful gravitational telescopes, providing
the capability to push observations to higher redshifts (Kneib et al. 2004). For background
limited observations, the magnification, µ, corresponds to a gain factor in exposure length
(or mirror area) of µ2, which is of particular importance for increasing the depth in the
near-IR. For example, in the J-band (Cuby et al. 2000) the atmosphere is ∼ 3 mag brighter
than in I (Patat 2004), and yet another ∼ 2.5 mag brighter in the Ks-band.
The feasibility of detecting high-z SNe along the line of sight of massive clusters (Gunnarsson & Goobar
2003) was first explored by our team using the Infrared Spectrometer And Array Camera
(ISAAC) at European Southern Observatory’s (ESO) Very Large Telescope (VLT), although
it has also been discussed in previous work (Kovner & Paczynski 1988; Kolatt & Bartelmann
1998; Sullivan et al. 2000; Gal-Yam et al. 2002). Traditional SN searches are done at optical
wavelengths where SNe typically emit most of their light. However, at high redshift the op-
tical region is shifted to the near-IR which is why we chose to carry out our survey at these
wavelengths. In Stanishev et al. (2009); Goobar et al. (2009) we reported the discovery of a
highly magnified SN, yet severely dimmed by dust, at z ∼ 0.6 behind one of the best studied
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galaxy clusters, A1689. In this work we report on the discovery of one of the most distant
SNe ever found, at redshift, z = 1.703, from our ∼ 10 hr VLT survey of the same cluster.
2. Observations
We have used the High Acuity Wide field K-band Imager (HAWK-I; Pirard et al. 2004;
Casali et al. 2006; Kissler-Patig et al. 2008; Siebenmorgen et al. 2011) camera on the VLT
to monitor galaxies behind the galaxy cluster A1689 (R.A.=13:11:30, decl.=−01:20:28 J2000
at redshift, z = 0.187) from 2008 December to 2009 July, with observations separated by
approximately one month. Each visit consisted of ∼ 2 hr long integrations in the J-band
(∼ 1170–1340 nm), with seeing conditions of 0.′′60–0.′′90 FWHM. At the same time, we car-
ried out a similar programme using The Andalucia Faint Object Spectrograph and Camera
(ALFOSC) at the Nordic Optical Telescope (NOT) in the i-band (∼ 690–850 nm). Images
from different epochs were aligned, seeing matched, and subtracted in order to find transient
objects using the method described in Amanullah et al. (2008). The most distant transient
found in the survey was first detected on UT2009 June 5 in the optical NOT i-band data
and was confirmed with a detection in the HAWK-I J-band data two days later. Follow-up
photometry was obtained for the three following months until the target disappeared behind
the Sun. All visits are listed in Table 1.
3. The transient at z = 1.703
Figure 1 shows the position of the transient on the sky, while a zoomed view of the
host galaxy can be seen in the top-right panel of Figure 2. The transient was detected
60′′W and 50′′ S of the cluster center, located 0.′′04 ± 0.′′03 from the core of the north-
western of the two knots that appear to be part of the same system with a separation
of ∼ 7 kpc. The host galaxy redshift was initially estimated to z = 1.65 ± 0.10 from multi-
band photometry. One major advantage of searching for SNe in lensed galaxies is that
it also allows for accurately studying the host environment. A 1 hr VLT XSHOOTER
(D’Odorico et al. 2006) spectrum (Watson et al., in preparation) of the host galaxy, shown
in Figure 2, was obtained on 2010 April 23. The redshift could accurately be determined
to z = 1.703 from the identified Lyαλ1216, Hβ λ4861, [Oiii]λλ4959, 5007 and Hαλ6563
lines. We also detected a weak Hγ λ4340 line, but no [Oii]λλ3726, 3729, nor [Nii]λ6583.
Using the method from Pettini & Pagel (2004), we derived an upper limit on the metallicity
of 12 + log(O/H) . 8.1. Further, the line ratios [Oiii]λ5007/Hβ and [Nii]λ6584/Hα can
be used to separate star-forming galaxies from those hosting active galactic nuclei (AGNs;
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Baldwin, Phillips & Terlevich 1981; Kauffmann et al. 2003), e.g., no narrow-emission line
AGNs have been observed with log10 ([Nii]λ6584/Hα) < −0.7 (Kewley et al. 2006). Due to
the absence of [Nii]λ6583 in our spectra, we can put an upper limit on the latter ratio of
log10 ([Nii]λ6584/Hα) . −1.3.
While the transient was active, the galaxy cluster A1689 was observed in Ks (∼ 1960–
2400 nm) and the narrow-band filter NB1060 (∼ 1055–1070 nm) with HAWK-I in ESO pro-
gramme 181.A-0485. Combining the observations from all three HAWK-I filters and the
NOT observations allowed us to build the four-band light curve shown in Figure 3. The
transient is most likely a supernova based on the fact that (1) no transient activity has been
observed, neither in archival data, nor in the continuous optical follow-up 1.5 years after the
discovery, (2) the observed light curve, and the absolute magnitude are consistent with the
expectations for an SN at the redshift of the host galaxy, and (3) the host galaxy spectrum
is inconsistent with an AGN as described above.
The significant detection in the rest-frame ultraviolet (UV), observed i band, excludes a
thermonuclear supernova (SN Ia), and it can be concluded that the observed transient is most
likely a core-collapse SN. It should be pointed out that the rest-frame optical lightcurve (the
HAWK-I bands) is also consistent with an SN Ia, emphasizing the importance of follow-up
over a broad wavelength range when no spectroscopic confirmation is available.
There are only very few SNe that have been observed in rest-frame ultraviolet, in partic-
ular with coverage in the full wavelength range that was observed here. In order to constrain
the nature of the SN further, we carried out template fitting for different SN types. The
template that matches our data best is shown in Figure 3. This corresponds to Peter Nu-
gent’s1 Type IIn supernova (SN IIn) based on SN 1999el (Di Carlo 2002), where the fitted
parameters are the time of maximum light together with the flux normalization. The color of
the SN is consistent with the used template. It can be debated whether it is appropriate to
fit the narrowband NB1060 data on equal basis with the other bands, since diversity between
individual SNe is certainly expected in narrow wavelength regions. However, refitting the
lightcurve omitting this filter has only a minor impact on the fitted parameters and does not
change the SN typing. We have no significant detection of spectroscopic features that can
only be associated with the transient. Note, however, that the X-SHOOTER spectrum was
obtained ∼ 120 days past maximum light in the rest frame.
The mass distribution model (Limousin et al. 2007) for A1689 is well determined thanks
to the large number of constraints based on deep archival multi-band Hubble Space Telescope
(HST) observations. It is based on weak and strong lensing analysis of background galax-
1http://supernova.lbl.gov/nugent/∼nugent templates.html
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ies and uses 34 multiply imaged systems, of which 24 have spectroscopic redshifts. Using
the model, the cluster magnification at the position of the transient for redshift z = 1.703
is estimated to be ∆mµ = 1.58 ± 0.07 mag (consistent with the updated model used in
Riehm et al. 2011) where ∆mµ = 2.5 log10 µ. Given the lensing magnification, and assuming
standard cosmological parameters (h,ΩM .ΩΛ)=(0.74, 0.27, 0.73), the absolute V -band mag-
nitude is MV = −19.56 ± 0.06(phot) ± 0.07(lens). This places the magnitude of the SN
roughly one magnitude brighter than the mean absolute magnitude of SNe IIn in the local
universe (Richardson 2002; Kiewe 2010). Note, however, that several SNe II much brighter
than this have been found in the past (Smith 2008).
4. Discussion
We have demonstrated a relatively inexpensive technique for opening up a high-redshift
window for finding SNe, that allows for photometric and, for high magnifications, spectro-
scopic follow-up, in the rest-frame optical of both SNe and their hosts. In our ∼ 10 h lensing
aided survey we found one SN at z = 1.703 which is consistent with the expected number
of 0.3 SNe Ia and 0.8 core collapse at z ≥ 1.5. A full rate analysis including discoveries at
lower redshifts is the topic for an upcoming paper.
A handful of SNe from other surveys have been discovered at redshifts comparable to
what is reported here, but they have all been found from much more extensive programs.
For example, SN1997ff at z ∼ 1.7 ± 0.1 (Riess et al. 2001) was found by repeated HST
observations of the Hubble Deep Field-North, while Cooke et al. (2009) reported the dis-
covery of three z ∼ 2 Type IIn SNe in seasonal-stacked images from the Supernova Legacy
Survey. Further, repeated optical imaging of the Subaru Deep Field from 2002 to 2008 has
resulted in 10 single-epoch discovered SNe in the range 1.5 < z < 2.0 (Poznanski et al. 2007;
Graur et al. 2011).
Although wide-field optical surveys may be useful for finding high-z UV-bright SNe they
are less efficient for finding, e.g., SNe Ia with their emission peaking in the rest-frame B band.
Carrying out observations in the near-IR is essential for finding these. To illustrate this, the
expected magnitude of SNe Ia for different pass bands as a function of redshift is shown in
Figure 4 together with the magnitude limits for the deepest SN surveys to date. From this
it can be concluded that it is almost impossible to find SNe Ia at z>∼2 in an optical survey.
Further, even if such objects are found, using them for probing cosmology requires at the
very minimum photometric follow-up in one additional filter, and preferably spectroscopic
confirmation, which is very difficult with existing ground-based telescopes in an unlensed
scenario.
– 6 –
Exploiting this technique for several comparable clusters and over an extended period
of time would have important implications for the study of high-redshift star formation,
which is closely linked to the rate of core collapse SNe, the progenitor scenario of SNe Ia,
and of course cosmology with SN Ia, most specifically the nature of dark energy. Although
these are key goals for future instruments such as the James Webb Space Telescope, the
successor of the HST, or ground based extremely large telescopes (> 25m) we can start
addressing them already today thanks to Nature’s own gravitational telescopes. Long-term
monitoring of massive clusters will also yield strongly lensed, multiply imaged SN images,
expected at a rate of about once every five years per cluster, for which a time delay will
provide independent information about the cosmological distance scale to a precision of a
few percent.
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Fig. 1.— A1689, R.A.=13:11:30, decl.=−01:20:28 (J2000). A cropped 4.′5 field of the stacked
J-band HAWK-I image from the survey centered on the cluster. The supernova position,
R.A.=13:11:26.426 and decl.=−01:21:31.21 (J2000), is indicated by the red cross hair, while
blue solid lines are the iso-magnification contours in units of magnitudes, ∆mµ = 2.5 log10 µ,
for a source at z = 1.7 derived from the strong lensing analysis. For clarity, the contours
have been omitted from the cluster center.
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Fig. 2.— Spectrum of the supernova host galaxy. Top right: the host galaxy from ACS
archive images in the F775W band. The supernova position has been marked by the black
cross hair, and the two components of the host are marked by circles. At the given redshift,
0.′′82 corresponds to 7 kpc. Top left and bottom: host spectra from VLT X-SHOOTER
showing the identified emission lines. Atmospheric lines are marked by the shaded regions.
No continuum was detected. Each panel shows the two-dimensional spectrum where the
spatial scale is expressed relative to the northern host component and the distance between
the two has been marked. The top and middle one-dimensional spectra show the northern
and southern components respectively, while the bottom is the sum of the two.
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Fig. 3.— Supernova light curve. Light curve of the supernova at z = 1.703. The solid
lines show the best-fitted template, a Type IIn SN, from Peter Nugent based on SN 1999el
(Di Carlo 2002). The time of maximum and the amplitude of the template have been fitted.
The right panel shows the subtraction (SUB) of the J-band HAWK-I images from 2009 June
to July (NEW), and 2009 January (REF).
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Fig. 4.— SN Ia peak magnitude in different passbands for increasing redshifts assuming
an absolute magnitude of MB = −19.2 for H0 = 74 kms
−1 Riess et al. (2011). The arrows
indicate the redshifts that were reached for a 5σ detection for the SDF survey as described
in Graur et al. (2011), the HST GOODS-South survey (Dahle´n et al. 2010), and our own
survey with HAWK-I. For the latter we also show the limit that can be reached assuming
the same lensing magnification as for the SN discussed in this Letter.
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Table 1: VLT and NOT observations of A1689 during the 2009 survey. The late NB1060
observations taken during consecutive nights were stacked. The AB magnitudes of all SN
points with > 2σ detection are listed in the last column.
Instrument Filter Date (UT) MJD Exp. time [s] SN mag (AB)
HAWK-I J 2008 Dec 30 54831.3 3420
HAWK-I J 2008 Dec 31 54832.4 2400
HAWK-I J 2009 Jan 2 54834.4 2400
HAWK-I J 2009 Jan 30 54862.3 7200
HAWK-I J 2009 Mar 1 54892.3 4800
HAWK-I J 2009 Mar 23 54914.4 4800
HAWK-I J 2009 Mar 25 54916.2 4800
HAWK-I Ks 2009 Mar 27 54918.3 2800
HAWK-I NB1060 2009 Mar 28 54919.2 3300
HAWK-I NB1060 2009 Apr 1 54923.3 6600
HAWK-I NB1060 2009 Apr 5 54927.2 600
HAWK-I Ks 2009 Apr 5 54927.3 2970
ALFOSC i 2009 Apr 21 54943.0 900
HAWK-I Ks 2009 Apr 26 54948.3 2970
HAWK-I NB1060 2009 Apr 27 54949.0 3300
HAWK-I J 2009 Apr 27 54949.2 7200
HAWK-I NB1060 2009 May 14 54966.1 16500
HAWK-I Ks 2009 May 14 54966.2 2970
HAWK-I NB1060 2009 May 17 54969.0 6600
HAWK-I Ks 2009 May 24 54976.2 2970
HAWK-I Ks 2009 May 26 54978.1 2970
HAWK-I NB1060 2009 May 27 54979.1 3600 25.36 (0.27)
ALFOSC i 2009 Jun 5 54987.9 900 24.07 (0.15)
HAWK-I J 2009 Jun 7 54990.1 2400 26.06 (0.13)
ALFOSC i 2009 Jun 24 55006.9 900 24.60 (0.18)
HAWK-I NB1060 2009 Jun 26–27 55009.0 9900 25.11 (0.17)
HAWK-I J 2009 Jul 3 55016.1 2400 25.74 (0.13)
HAWK-I J 2009 Jul 5 55018.1 2400 26.19 (0.17)
HAWK-I J 2009 Jul 7 55020.0 2400 26.07 (0.27)
HAWK-I NB1060 2009 Jul 15 55028.0 7200 25.44 (0.22)
HAWK-I NB1060 2009 Jul 22 55035.0 3300 24.39 (0.31)
HAWK-I NB1060 2009 Aug 11–13 55055.0 10200 26.29 (0.47)
